Traumatic brain injury (TBI) represents a leading cause of mortality and morbidity, especially among young individuals below the age of 45 yr ([@B1], [@B2]). It is estimated that 10 million deaths and hospitalizations annually worldwide are direct consequences of TBI. Approximately 57 million people, currently alive, have experienced a brain injury ([@B1]). Thus, TBI represents a major global public health problem ([@B3]). This statistic translates within the United States alone to ∼1.7 million annual TBI cases, and 5.3 million people are living with a TBI-related disability ([@B4]). TBI is typically triggered by a blunt- or sharp-force trauma, with most patients having a closed-head injury (CHI) ([@B5], [@B6]). TBI initiates a complex disease, and the pathophysiology is characterized by great heterogeneity and widely varying outcomes ([@B7]). Overall, TBI pathophysiology can be subdivided into two stages: Whereas the primary injury causes direct mechanical damage of blood vessels and parenchymal cells at the lesion site, subsequent secondary injury develops over a period from minutes to weeks and, potentially, months or years ([@B8], [@B9]). Secondary pathology is characterized by an early increase in glutamate and reactive oxygen species, as well as the occurrence of mitochondrial dysfunction and increased expression of cytokines and chemokines ([@B10][@B11]--[@B12]). The secondary pathology is accompanied by neuroinflammation initiated by release of damage-associated molecular patterns, which is supposed to promote delayed cell death, cerebral edema formation and blood--brain barrier damage ([@B4], [@B11][@B12][@B13]--[@B14]). Nevertheless, inflammation may also have beneficial effects by contributing to functional repair, tissue remodeling and neuroplasticity ([@B4], [@B14][@B15]--[@B16]).

The NF-κB family of transcription factors plays a critical role in the regulation of stress-associated and inflammatory gene expression, as well as in cell survival and neuronal differentiation in the CNS ([@B17][@B18][@B19]--[@B20]). The family of NF-κB transcription factors comprises 5 members---RelA, RelB, c-Rel, p105/p50, and p100/p52---that form homo- or heterodimers. In its inactive state, NF-κB is retained in the cytoplasm by IκB inhibitory proteins. The crucial step in NF-κB activation is the phosphorylation of IκB proteins by the inhibitor of NF-κB kinase (IKK) complex, resulting in their proteasomal degradation. This process induces nuclear translocation and transcriptional regulation of target genes. The IKK complex contains 2 protein kinases, IKK1 (IKKα) and IKK2 (IKKβ), as well as the regulatory protein NF-κB essential modulator (IKKγ). IKK2 is the critical kinase subunit inducing the canonical signaling pathway, essentially involved in the regulation of inflammation and cell survival ([@B17], [@B21]). In the CNS, a variety of stimuli, such as damage- and pathogen-associated molecular patterns, synaptic activity, oxidative stress, cytokines, chemokines, neurotransmitters, neurotrophic factors, and neurotoxins induce NF-κB ([@B17], [@B22], [@B23]). NF-κB is activated in neurons and glial cells upon experimental injury and in the context of neuropathological disorders and has been linked to both neurodegenerative and neuroprotective activities ([@B20], [@B24][@B25][@B26]--[@B27]). NF-κB activation in glial cells has been mainly related to inflammation ([@B28][@B29][@B30]--[@B31]), NF-κB activation in neurons is involved in differentiation, synaptic plasticity and neuronal development and survival ([@B26], [@B32][@B33][@B34]--[@B35]). Cytokines such as TNF and IL-1β are typically up-regulated by TBI induction. They are both NF-κB target genes, but can also activate NF-κB, resulting in a self-propagating vicious circle ([@B17], [@B36]). Consistently, NF-κB was elevated in rats after controlled cortical impact and fluid percussion brain injury ([@B37], [@B38]) as well as in biopsies of human contused brain tissue ([@B39]). Furthermore, after cortical aspiration, NF-κB is mainly activated in neuronal cells of the degenerating cortex and in astrocytes of the corpus callosum ([@B40]). The NF-κB subunit p50 has been was found to be highly expressed in neurons that survive hippocampal injury, arguing for a critical role in the regulation of repair and regeneration ([@B41]). In contrast, controlled cortical impact trauma leads to increased brain injury volumes and blood--brain barrier dysfunction in transgenic mice with elevated NF-κB activity in the brain ([@B42]). These studies indicate that NF-κB signaling may have a beneficial or detrimental role, depending on the cell type where it is expressed and the nature of the trauma ([@B43][@B44]--[@B45]).

Although activation of NF-κB is a common feature of different pathologies of the CNS, including trauma, excitotoxicity, and ischemia ([@B37], [@B46][@B47][@B48]--[@B49]), the precise role of this transcription factor in damaged neurons is still unknown. To characterize the specific role of neuronal NF-κB in the pathogenesis of TBI, we analyzed the consequences of NF-κB inhibition and activation in neurons, using corresponding neuron-specific loss-of-function and gain-of-function mouse models, respectively. We found that neuronal NF-κB repression increases the acute posttraumatic mortality rate and worsens the neurological outcome of survivors at various time points after CHI, including enhanced reactive astrogliosis and apoptosis. Ectopic neuronal NF-κB activation does not reduce the harmful effects of secondary TBI pathogenesis. Thus, our findings provide the first direct link of CHI and neuronal IKK2/NF-κB signaling, depicting a key pathway in the development of secondary TBI pathology.

MATERIAL AND METHODS {#s1}
====================

Transgenic mice {#s2}
---------------

Mice were housed in a specific pathogen-free animal facility at Ulm University under standardized conditions with food and water provided *ad libitum*. Camk2a.tTA×luciferase-(tetO)7-DN-IKK2 (short IKK2-DN^Camk2a^) and Camk2a.tTA×luciferase-(tetO)7-CA-IKK2 (short IKK2-CA^Camk2a^) were generated by crossing Camk2a.tTA mice with single transgenic mice carrying a luciferase-(tetO)~7~-IKK2-DN or a luciferase-(tetO)~7~-IKK2-CA transgene, respectively ([@B49]). All mouse lines were bred on an NMRI background. Inactivation of the transgenes was achieved by administration of Dox (0.1 g/L in the drinking water containing 1% sucrose; MP Biomedicals, Eschwege, Germany) to the mothers during pregnancy until weaning (at age 4 wk) and as indicated in [Figs. 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"} and [Supplemental Fig. S8](#SM8){ref-type="supplementary-material"}. Transgene expression was induced by Dox withdrawal. Wild-type and single transgenic mice were used as control groups. Luciferase activity was measured in the living animals with the IVIS200 *in vivo* imaging system (Caliper Life Sciences, Hopkinton, MA, USA) ([@B49], [@B50]). All animal experiments were performed in compliance with the guidelines of the National Institutes of Health (Bethesda, MD, USA) and the German Animal Protection Act, and were approved by the Regierungspräsidium Tübingen (Tübingen, Germany).

CHI model {#s3}
---------

Twelve-week-old mice were subjected to experimental CHI with a standardized weight-drop device ([@B51], [@B52]). In brief, the animals were anesthetized with ketamine (Pfizer Pharma, Karlsruhe, Germany), with an intraperitoneal dose of 100 mg/kg body weight, and 2% xylazine (Bayer Health Care, Monheim, Germany), with an i.p. dose of 16 mg/kg body weight Afterward, the skull was exposed by a longitudinal incision of the skin, and a focal blunt injury was induced in the left hemisphere by dropping a 330 g metal rod on the skull from a height of 2.7 cm. Only animals with a visible imprint of the falling rod on the skull were included for further analyses. After trauma, the mice received supporting oxygenation with 100% O~2~, the wound was sutured, and the animals were placed into a warmed recovery cage with *ad libitum* access to food and water. Buprenorphine analgesia (Temgesic; Essex Pharma, Munich, Germany) was administered subcutaneously (0.03 mg/kg body weight) immediately after trauma and every 8 h thereafter until 24 h. Sham-procedure mice underwent anesthesia, scalp incision, suturing of the wound, and analgesia, but no experimental head trauma. Animals that died directly after the mechanical insult and during anesthesia (up to 2 h after TBI) were included in the acute posttraumatic mortality rate.

Neurological severity score {#s4}
---------------------------

A 10-point neurological severity score (NSS) was used to assess the posttraumatic neurological impairments ([@B52][@B53]--[@B54]). This scoring system consists of 10 tests, including tasks to measure cognitive and motor functions (*e.g.*, beam walk, round-stick balance, exit circle, gait pattern, and exploratory interest in new environment), whereby 1 point is given for failure of the task and 0 points for succeeding. Thus, a maximum NSS of 10 points indicates severe neurological dysfunction, with failure of all tasks. In the present study, the NSS was assessed 2 d before and 6 h, 1 d, and 3 d after CHI.

Rotarod, open field, and elevated-plus maze {#s5}
-------------------------------------------

Motor behavior after CHI was analyzed with the ENV-575M rotarod (Med Associates, St. Albans, VT, USA). After 1 min at 4 rpm for adjustment, the cylinder accelerated within 5 min to 40 rpm. The latency until falling off the accelerating rotarod was recorded. Pretraining was assessed 2 d before TBI (consisting of 4 trials) and analysis was performed at 2, 7, and 30 d post trauma.

To assess general locomotor activity and anxiety/exploratory behavior, the animals were put individually in an open field (OF) arena (50 × 50 cm) ([@B55]) and were recorded for 15 min with a video camera with the Tracking System Viewer 2 software (Biobserve, Bonn, Germany). OF analysis was performed at 2 d before injury and 1, 3, 7, and 30 d post trauma.

To further study anxiety and exploratory behavior, mice were subjected to an additional elevated-plus maze test. This maze consists of an elevated plus-shaped platform with 4 arms of equal size (30 × 5 cm), of which 2 opposing arms are surrounded by 16 cm--high walls ([@B55]). Animals were placed in the center platform of the maze facing an open arm and were video-tracked for 5 min with the Tracking System Viewer 2 software.

Protein isolation and immunoblot analysis {#s6}
-----------------------------------------

Tissue samples (cortical impact area) were snap frozen in liquid nitrogen, homogenized with a mortar and pestle and lysed in KA-lysis buffer \[25 mM Tris-HCl, 150 mM NaCl, 25 mM sodium pyrophosphate, 50 mM β-glycerophosphate, 50 mM NaF, 2 mM EGTA, 2 mM EDTA, 1 mM DTT, 10% glycerol, 1% Triton X-100 (pH 8.0)\] supplemented with protease inhibitors (1 mM PMSF and Complete Mini Tablet; Roche Diagnostics, Mannheim, Germany). After centrifugation (30 min, 13,000 rpm), the supernatant was used as the total protein extract. Equal amounts of protein (30 µg) were separated by SDS-PAGE and transferred to nitrocellulose membranes. After blocking with 5% nonfat dry milk in TBS buffer for 1 h at room temperature, primary antibodies (see below) were incubated in blocking solution overnight at 4°C or for 2 h at room temperature. After 3 washing steps, membranes were incubated with horseradish peroxidase--coupled secondary antibody for 1 h at room temperature. Membranes were exposed to ECL detection reagent (Thermo Fisher Scientific) and developed by ECL.

Histology and immunofluorescence staining {#s7}
-----------------------------------------

Brains were fixed by immersion with 4% paraformaldehyde (overnight at 4°C), dehydrated, embedded in paraffin, and cut to 7 µm--thick coronal sections on a microtome (Microm HM355S; Thermo Fisher Scientific). After rehydration, heat-mediated antigen retrieval was performed with sodium citrate (10 mM, pH 6.0, 0.05% Tween 20) and the tissue sections were additionally incubated with 0.5% Triton X-100 for 30 min. Sections were washed with PBS and blocked with 5% bovine serum albumin (BSA) for 1 h at room temperature. Incubation with primary antibodies (in 5% BSA) was performed overnight at 4°C and incubated afterward with secondary antibodies (in 5% BSA) for 1 h at room temperature with 100 ng/ml DAPI for nuclear counterstaining. Fluorescence images were acquired with the Keyence BZ-9000 BioRevo microscope (Keyence, Neu-Isenburg, Germany) with filter for DAPI, FITC/Alexa Fluor 488, and TexasRed/Alexa Fluor 568/594 and the BZ-II Viewer software (Keyence).

Antibodies for immunoblot analysis and immunostaining {#s8}
-----------------------------------------------------

The following antibodies were used for immunoblot analysis: rabbit anti-IKKβ \[Y466\] (ab32135, 1:2000; Abcam, Cambridge, United Kingdom), goat anti-Lcn2 (AF1857, 1:1000; R&D Systems, Minneapolis, MN, USA), rabbit anti-glial fibrillary acidic protein (GFAP; ab7779, 1:1000; Abcam), rabbit anti-Bax (2772, 1:1000; Cell Signaling Technology, Danvers, MA, USA), rabbit anti-Bad (9292, 1:1000; Cell Signaling Technology), rabbit anti-NF-κB p65 (C20, sc-372, 1:1000; Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-phospho NF-κB p65 (Ser536, 3033, 1:1000; Cell Signaling Technology), rabbit anti-GAPDH (FL-335, (sc-25778, 1:2000; Santa Cruz Biotechnology), rabbit anti-β-tubulin (ab6046 1:10000; Abcam) and HRP-conjugated goat anti-rabbit or donkey anti-goat were obtained from Santa Cruz Biotechnology.

For immunofluorescence, the following primary antibodies were used: mouse anti-NeuN (MAB377, 1:300; Millipore-Sigma), rabbit anti-cleaved caspase 3 (ab13847, 1:400; Abcam), and mouse anti-tubulin-β3 (TUJ1) (MMS-435P, 1:500; BioLegend, San Diego, CA, USA). Corresponding Alexa Fluor-conjugated secondary antibodies were obtained from Thermo Fisher Scientific, and DAPI was purchased from Merck (Darmstadt, Germany).

TUNEL staining {#s9}
--------------

For *in situ* detection of cell death, TUNEL staining was performed with 7 µm--thick coronal paraffin-embedded sections of head-injured mice (3 d after TBI) with the In Situ Cell Death Detection Kit, Fluorescein, according to the manufacturer's protocol (Roche). Sections were evaluated with the BZ-9000 BioRevo microscope with filters for DAPI and FITC/AlexaFluor 488.

RNA extraction, cDNA synthesis, and quantitative RT-PCR {#s10}
-------------------------------------------------------

RNA from the cortex (impact area) was isolated using the PeqGold Trifast Kit (Peqlab, Erlangen, Germany) as described in the manufacturer's protocol. One microgram of total RNA was used to synthesize cDNA with the Transcriptor High Fidelity cDNA Synthesis kit (Roche) with oligo-dT-primers according to the manufacturer's instructions. Quantitative PCR (qPCR) assays were run on the Lightcycler 480 Instrument (Roche) with primers and hydrolysis probes designed by the Roche Universal Probe Library (UPL) system. Sequences and UPLs were as follows: *C3*: forward (F) 5′-ACCTTACCTCGGCAAGTTTCT-3′, reverse (R) 5′-TTGTAGAGCTGCTGGTCAGG-3′, UPL 76; *Gfap*: F 5′-CCAACTGCAGGCCTTGAC-3′, R 5′-GCTCTAGGGACTCGTTCGTG-3′, UPL 109; *Lcn2*: F 5′-CCATCTATGAGCTACAAGAGAACAAT-3′, R 5′-TCTGATCCAGTAGCGACAGC-3′, UPL 58; *Il1b*: F 5′-TGTAATGAAAGACGGCACACC-3′, R 5′-TGTAATGAAAGACGGCACACC-3′, UPL 78; F c-*Fos:* F 5′-CAGCCTTTCCTACTACCATTCC-3′, R, 5′-ACAGATCTGCGCAAAAGTCC-3′, UPL 67; *Bax:* F 5′-AGTGTCTCCGGCGAATTG-3′, R 5′-CCACGTCAGCAATCATCCT-3′, UPL 56; *Bad*: F 5′-CAGCCACCAACAGTCATCAT-3′, R 5′-GCTAAGCTCCTCCTCCATCC-3′, UPL 88; *Bak*: F 5′-CCACATCTGGAGCAGAGTCA-3′, R 5′-TGTCCAGATGCCATTTTTCA-3′, UPL 22; *Bcl2*: F 5′-AGTACCTGAACCGGCATCTG-3′, R 5′-GGGGCCATATAGTTCCACAAA-3′, UPL 75; *Bcl~XL~*: F 5′-TGACCACCTAGAGCCTTGGA-3′, R 5′-GCTGCATTGTTCCCGTAGA-3′, UPL 2; *Atf3*: F 5′-GCTGGAGTCAGTTACCGTCAA-3′, R 5′-CGCCTCCTTTTCCTCTCAT-3′, UPL 80; *P21*: F 5′-CAGATCCACAGCGATATCCA-3′, R 5′-GGCACACTTTGCTCCTGTG-3′, UPL 21 and *Hprt1*: F 5′-GGAGCGGTAGCACCTCCT-3′, R 5′-CTGGTTCATCATCGCTAATCA C-3′, UPL 69, which was used as the housekeeping gene.

Thromboelastometry {#s11}
------------------

Rotational thromboelastometry (Rotem Delta; TEM International, Munich, Germany) analysis was performed to determine alterations in coagulation before TBI induction. Whole blood was collected *via* cardiac puncture from control, IKK2-DN^Camk2a^, and IKK2-CA^Camk2a^ mice and anticoagulated with 3.2% citrate. Immediately after blood drawing, the extrinsic coagulation pathway was determined using the EXTEM test. Clotting time, clot formation time, maximum clot firmness, and α-angle were determined.

GFAP ELISA {#s12}
----------

Whole blood was taken *via* decapitation and transferred to sterile plasma EDTA microtubes (Kabe Labortechnik, Nümbrecht-Elsenroth, Germany). EDTA-free protease inhibitor cocktail (10%; Roche) was added, incubated for 10 min on ice, and centrifuged at 4000 rpm for 10 min at 4°C, before storage at −80°C. Plasma samples were analyzed by commercially available ELISA specific for mouse GFAP, according to the manufacturer's instructions (LSBio, Seattle, WA, USA). Optical density was read at a wavelength of 450 nm on a plate reader (Sunrise Plate Reader; Tecan, Crailsheim, Germany). As a standard curve, a fitted line of the 7-fold standard was used according to the manufacturer's protocol.

High-resolution MRI {#s13}
-------------------

Imaging was performed before and 6 h and 1, 3, and 7 d after trauma. Measurements were performed on a 11.7 T small-animal MRI (BioSpec 117/16; Bruker Biospin, Billerica, MA, USA). All data were acquired with a cryogenically cooled 1H 2-element surface (MRI CryoProbe; Bruker BioSpin) transmit--receive coil. After initiation of anesthesia with 5% isoflurane in air, the mice were placed prone in the cradle. The anesthesia gas was administered *via* a facial mask, and, during scanning, the isoflurane concentration was adjusted between 1.25 and 1.5% to maintain the respiratory frequency at ∼90 cycles/min. Coronal images were acquired with a T1-weighted multislice Fast Length Adjustment of Short Reads (FLASH; Johns Hopkins University, Baltimore, MD, USA; *<https://ccb.jhu.edu/software/FLASH/>*) sequence.

Acquisition parameters were as follows: echo/repetition time, 5/190 ms; flip angle, 17.5°; resolution, 65 × 65 × 500 µm^3^; field-of-view, 20.8 × 20.8 mm^2^; and bandwidth, 96 KHz, using 8-signal averages. Total acquisition time for 18 slices was 5 min 20 s.

Statistical analysis {#s14}
--------------------

Immunoblot densitometry was analyzed with Image J. Quantifications from microscopy images were performed with the BZ-II Analyzer software with the Hybrid cell-counting tool (Keyence). Statistical analyses were performed with Prism software (GraphPad, San Diego, CA, USA) and are indicated in the specific figure legend. One- or 2-way ANOVA with Bonferroni's correction was used to compare independent measurements at one or different time points, respectively. For the NSS analysis, the nonparametric Mann-Whitney *U* test was used. Differences in postinjury mortality and hematoma formation were evaluated in a contingency table with Fisher's exact test. Statistical significance was set at *P* \< 0.05.

RESULTS {#s15}
=======

Neuronal IKK/NF-κB inhibition induces a detrimental phenotype after CHI {#s16}
-----------------------------------------------------------------------

To study the role of neuronal IKK/NF-κB signaling for the outcome of traumatic brain injury, we used 2 previously generated mouse models called IKK2-DN^Camk2a^ and IKK2-CA^Camk2a^ ([@B35], [@B49], [@B56]). These conditional loss-of-function and gain-of-function models express a dominant negative (IKK2-DN) or a constitutively active (IKK2-CA) allele of human IKK2, respectively. Furthermore, a luciferase reporter gene is coexpressed under the control of the neuron-specific *Camk2a* promoter in a tetracycline-regulated manner ([**Fig. 1*A***](#F1){ref-type="fig"}). To avoid any impact of the IKK2-DN and -CA transgenes on brain development, animals were bred and housed in the presence of Dox up to the age of 4 wk to block transgene expression. Thereafter transgene expression was induced by Dox withdrawal.

![Immediate consequences of CHI on mice with modulated neuronal NF-κB activity. *A*) Generation of conditional transgenic IKK2-DN^Camk2a^ and IKK2-CA^Camk2a^ mouse models using the tetracycline-regulated gene-expression system. Expression of the IKK2-DN (loss-of-function) or IKK2-CA (gain-of-function) transgene and a luciferase reporter gene was controlled by the bidirectional tetracycline-controlled transcriptional activation (tTA)--dependent promoter (tetO~7~). The Camk2a.tTA module specified transgene expression to neurons with Camk2a-activity. Dox blocked transgene expression. *B*) Mortality of mice during CHI procedure. Immediate posttraumatic mortality rate is depicted as the percentage of animals that died. IKK2-DN^Camk2a^ mice showed a significantly enhanced posttraumatic mortality compared to control and sham-treated animals, whereas mice with neuronal NF-κB activation (IKK2-CA^Camk2a^) had a mortality similar to that of as control mice. (Control TBI, *n* = 115; Control Sham-Treated, *n* = 62; IKK2-DN^Camk2a^ TBI, *n* = 78; IKK2-DN^Camk2a^ Sham, *n* = 21; IKK2-CA^Camk2a^ TBI, *n* = 35; IKK2-CA^Camk2a^ Sham, *n* = 20). \*\**P* \< 0.01, \*\*\**P* \< 0.001 \[not significant (ns), by Fisher's exact test\]. *C*) Quantification of hematoma formation in IKK2-DN^Camk2a^, IKK2-CA^Camk2a^, and control mice after TBI. CHI induced similar distributed hematoma formation in control and IKK2-DN^Camk2a^ animals. IKK2-CA^Camk2a^ mice were slightly more prone to hematoma development than controls. (Control TBI, *n* = 76; Control Sham, *n* = 51; IKK2-DN^Camk2a^ TBI, *n* = 37; IKK2-DN^Camk2a^ Sham, *n* = 18; IKK2-CA^Camk2a^ TBI, *n* = 31; IKK2-CA^Camk2a^ Sham, *n* = 20). \*\**P* \< 0.01, \*\*\*\**P* \< 0.0001 (ns, by Fisher's exact test). *D*) Plasma levels of GFAP after CHI. IKK2-DN^Camk2a^ mice showed elevated levels of GFAP in the plasma 6 h after TBI. Means ± [sem]{.smallcaps} (*n* = 6--12). \*\**P* \< 0.01 (ns, by 1-way ANOVA, followed by Bonferroni's *post hoc* test).](fj.201700826Rf1){#F1}

TBI was induced in 12-wk-old animals by using a standardized weight-drop device ([@B51], [@B52]). Transgene expression analyzed 6 h after TBI in the cortex of IKK2-DN^Camk2a^ and IKK2-CA^Camk2a^ mice by immunoblot analysis revealed robust IKK2 expression on both the ipsilateral and contralateral side ([Supplemental Fig. S1*A*, *B*](#SM1){ref-type="supplementary-material"} respectively). After CHI, the acute postinjury mortality rate was significantly enhanced in IKK2-DN^Camk2a^ mice (37%) compared to controls (16%) suggesting a detrimental effect of impaired IKK2/NF-κB signaling on posttraumatic survival rate ([Fig. 1*B*](#F1){ref-type="fig"}). Neuronal activation of IKK2/NF-κB in the IKK2-CA^Camk2a^ animals did not significantly affect the posttraumatic mortality rate (11% for IKK2-CA^Camk2a^ *vs.* 16% for control mice). Since transgene expression is activated 2 mo before TBI, we asked whether neuronal IKK2/NF-κB modulation affects basic physiologic parameters critical for posttraumatic survival. However, we could not detect obvious differences in body temperature ([Supplemental Fig. S2*A*](#SM2){ref-type="supplementary-material"}), blood glucose levels ([Supplemental Fig. S2*B*](#SM2){ref-type="supplementary-material"}), and thromboelastometric function ([Supplemental Fig. S2*C*](#SM2){ref-type="supplementary-material"}) in IKK2-DN^Camk2a^, IKK2-CA^Camk2a^, and control mice.

CHI initiates heterogeneous secondary processes including development of cerebral edema and hematoma ([@B6]). Therefore, we analyzed the frequency of hematoma formation in the transgenic mouse models. Control and IKK2-DN^Camk2a^ mice show a similar pattern of epidural hematoma formation, whereas IKK2-CA^Camk2a^ mice are slightly more prone to induction of hematoma ([Fig. 1*C*](#F1){ref-type="fig"}). Hematoma and edema formation were confirmed by MRI coronal T1\*-weighted imaging ([Supplemental Fig. S3](#SM3){ref-type="supplementary-material"}).

GFAP is a serum biomarker for TBI that correlates with injury severity ([@B57], [@B58]). The quantification of GFAP in plasma samples of head-injured mice by ELISA revealed slightly enhanced GFAP levels in IKK2-DN^Camk2a^ mice, compared to control and IKK2-CA^Camk2a^ animals ([Fig. 1*D*](#F1){ref-type="fig"}). These data suggest elevated damage in mice with neuronal NF-κB repression.

Neuronal NF-κB inhibition promotes increased neurological deficits after TBI {#s17}
----------------------------------------------------------------------------

Functional consequences of CHI were assessed with the 10-point NSS ([@B52][@B53]--[@B54]). This analysis revealed significantly elevated median NSS levels 6 h, 1 d, and 3 d after TBI in IKK2-DN^Camk2a^ mice compared with control mice ([**Fig. 2*A***](#F2){ref-type="fig"}) implying an increased severity and possibly a delayed recovery from experimental CHI. In contrast, no statistically significant difference was noted in the median NSS at any time point between IKK2-CA^Camk2a^ and control littermates ([Fig. 2*B*](#F2){ref-type="fig"}). To further characterize the neurologic deficits of IKK2-DN^Camk2a^ mice after TBI, we performed additional motor and anxiety behavior tests over a time course up to 30 d. In the rotarod test, IKK2-DN^Camk2a^ mice showed deficits 2 and 30 d after CHI in comparison to control littermates ([Fig. 2*C*](#F2){ref-type="fig"}), indicating a mild permanent motor impairment. In the open-field test, IKK2-DN^Camk2a^ animals showed a hyperactive phenotype 30 d after TBI in comparison to control mice, determined by the length of elevated track covered ([Supplemental Fig. S4*A*](#SM4){ref-type="supplementary-material"}). In contrast, IKK2-DN^Camk2a^ mice did not show alterations in anxiety in the elevated plus-maze testing after TBI ([Supplemental Fig. S4*B*](#SM4){ref-type="supplementary-material"}).

![IKK2-DN^Camk2a^ mice show enhanced neurologic deficits post TBI. *A*, *B*) Assessment of injury severity, neurologic impairment and recovery of control, IKK2-DN^Camk2a^, IKK2-CA^Camk2a^, and sham-treated mice after CHI, with a standardized 10-point NSS. *A*) Head-injured IKK2-DN^Camk2a^ mice showed a delayed recovery from TBI, as reflected by a significantly increased NSS, compared to head-injured littermates (Control TBI, *n* = 18; Control Sham, *n* = 14; IKK2-DN^Camk2a^ TBI, *n* = 12; IKK2-DN^Camk2a^ Sham, *n* = 9). *B*) No significant difference in NSS of head-injured IKK2-CA^Camk2a^ and control mice was seen at any time point assessed (Control TBI, *n* = 17; Control Sham, *n* = 10; IKK2-CA^Camk2a^ TBI, *n* = 19; IKK2-CA^Camk2a^ Sham, *n* = 10). All data are presented as box plots with median ± interquartile range; whiskers, minimum--maximum range. \**P* \< 0.05, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 \[not significant (ns), by nonparametric Mann-Whitney *U* test\]. *C*) Rotarod performance after TBI. Impaired motor coordination of IKK2-DN^Camk2a^ mice after trauma, demonstrated in a 30 d rotarod experiment. Latency until falling off of an accelerating rotarod was reduced 2 and 30 d after TBI compared to controls. Means ± [sem]{.smallcaps} (*n* = 7--13). \**P* \< 0.05 (2-way-ANOVA followed by Bonferroni's *post hoc* test).](fj.201700826Rf2){#F2}

In conclusion, neuronal NF-κB repression results in enhanced neurologic and motoric deficits.

Neuronal NF-κB inhibition increases apoptosis of neurons after CHI {#s18}
------------------------------------------------------------------

Since neurologic deficits correlate with neurodegeneration we investigated the extent of neuronal cell damage after TBI in IKK2-DN^Camk2a^ and control mice. For this purpose, we performed immunofluorescence analyses using an anti-NeuN antibody as a neuron-specific cell marker. Neuronal cell loss was evident in control animals, but significantly enhanced in IKK2-DN^Camk2a^ mice ([**Fig. 3*A***](#F3){ref-type="fig"}). To test whether neuronal cell loss depends on neuronal apoptosis, tissue sections were analyzed by cleaved caspase 3 costained with TUJ1, a marker for neurons. Indeed, prominent costaining was detected, and quantification revealed increased cleaved caspase 3^+^ cells 3 d after TBI in IKK2-DN^Camk2a^ mice, in comparison to control animals ([Fig. 3*B*](#F3){ref-type="fig"}), suggesting that neuronal IKK/NF-κB inhibition sensitizes these cells for apoptosis.

![IKK2-DN^Camk2a^ mice exhibit prominent neuronal apoptosis after CHI. *A*) Neuronal cell loss 3 d after CHI. Significantly enhanced neuronal cell loss in the ipsilateral cortex of IKK2-DN^Camk2a^ mice compared with control TBI and sham-treated mice. Immunofluorescent staining and quantification of NeuN^+^ cells. The percentage of neuronal cell loss was calculated as the ratio of neuronal cells from the injured (ipsilateral) hemisphere to the number of neurons in the uninjured (contralateral) hemisphere. Impact, TBI impact area; Cor, cortex; CC, corpus callosum. Means ± [sem]{.smallcaps} (*n* = 4--5). \**P* \< 0.05, \*\**P* \< 0.01 (by 1-way ANOVA with Bonferroni's correction). Scale bar, 500 µm. *B*) Apoptotic neurons 3 d after CHI. Increased posttraumatic neuronal cell death 3 d after TBI in the injured (ipsi) hemisphere of IKK2-DN^Camk2a^ mice *vs.* control TBI and sham-treated animals and *vs.* the uninjured (contra) hemisphere. Coimmunostaining of the apoptotic marker cleaved caspase 3 (Cl. Casp.3) and the neuronal marker TUJ1. Quantification of cleaved caspase 3^+^ cells revealed significantly enhanced apoptosis in mice with neuronal NF-κB inhibition *vs.* control animals. Means ± [sem]{.smallcaps} (Control TBI, *n* = 4; Control Sham, *n* = 2; IKK2-DN^Camk2a^ TBI, *n* = 4, IKK2-DN^Camk2a^ Sham, *n* = 2). \*\**P* \< 0.01, \*\*\*\**P* \< 0.0001 (according to 1-way ANOVA with Bonferroni's correction). Scale bar, 500 µm; i′, inset′: 100 µm; i″, inset″: 20 µm.](fj.201700826Rf3){#F3}

Neuronal NF-κB inhibition leads to enhanced up-regulation of neuroinflammatory mediators after trauma {#s19}
-----------------------------------------------------------------------------------------------------

To address the role of inflammatory and apoptotic pathways in the regulation of neuronal survival after TBI in the IKK2-DN^Camk2a^ model, we analyzed marker gene expression in the cortical impact area at various time points after CHI. Whereas 6 h after TBI, we did not see prominent changes in gene expression ([Supplemental Fig. S5*A--E*](#SM5){ref-type="supplementary-material"}), 3 d after TBI, significant up-regulation of several proinflammatory genes was seen in the ipsilateral cortex of IKK2-DN^Camk2a^ animals compared to sham-treated animals and control littermates ([**Fig. 4*A--E***](#F4){ref-type="fig"}, left panels). These include the central complement factor *C3*, the astrogliosis marker gene *Gfap*, the acute phase gene *Lcn2*, and the inflammatory cytokine *Il1b* ([Fig. 4*A--D*](#F4){ref-type="fig"}, left panels). In control animals, up-regulation of these genes does not reach significance after TBI, compared with sham-treated animals. Protein analysis confirmed enhanced levels of LCN2 and GFAP in IKK2-DN^Camk2a^ animals, compared to control littermates 3 d after trauma ([Fig. 4*F*](#F4){ref-type="fig"}). We also found the neuronal activity marker c*-Fos* elevated in IKK2-DN^Camk2a^ animals compared to controls ([Fig. 4*E*](#F4){ref-type="fig"}, left panel), suggesting enhanced neurogenesis related to elevated neurologic impairments ([@B59]). No significant differences in the expression pattern of the different genes were observed between IKK2-CA^Camk2a^ and control littermates ([Fig. 4*A--E*](#F4){ref-type="fig"}, right panels). Analysis of these proinflammatory genes 7 d after CHI did not reveal continuing significant differences between IKK2-DN^Camk2a^ and control mice ([Supplemental Fig. S6*A--E*](#SM6){ref-type="supplementary-material"}).

###### 

IKK2-DN^Camk2a^ mice exhibit prominent up-regulation of neuroinflammatory factors after trauma. *A--E*) Expression of proinflammatory genes 3 d after TBI. Most proinflammatory factors were significantly up-regulated in the cortical impact area of IKK2-DN^Camk2a^ mice, but not in IKK2-CA^Camk2a^ mice *vs.* control littermates. These factors include the complement factor *C3* (*A*), the astroglial marker *Gfap* (*B*), the acute phase protein *Lcn2* (*C*), the inflammatory cytokine *Il1b* (*D*), and the neuronal activity marker c*-Fos* (*E*). Expression levels measured by qPCR are presented relative to *Hprt.* Means ± [sem]{.smallcaps} (*n* = 4--6). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 \[not significant (ns), 3 d after TBI between indicated groups, by 1-way-ANOVA followed by Bonferroni's *post hoc* test\]. *F*) Expression of astroglial and acute phase proteins after trauma. Representative immunoblot analysis and quantification of LCN2 and GFAP protein levels in brain lysates of 12-wk-old control and IKK2-DN^Camk2a^ mice 3 d after CHI. GAPDH was the loading control. Means ± [sem]{.smallcaps} (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01 (by 1-way ANOVA followed by Bonferroni's *post hoc* test).
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To investigate the underlying mechanism responsible for enhanced apoptosis in the IKK2-DN^Camk2a^ model, we performed a longitudinal gene expression profiling for pro- and anti-apoptotic genes. Three days after CHI, we detected an enhanced expression of the proapoptotic genes *Bax* and *Bad*, whereas the expression of *Bak* and the antiapoptotic genes *Bcl2* and *Bcl~XL~* was not affected ([**Fig. 5*A--E***](#F5){ref-type="fig"}, left panels). These results were confirmed on a protein level, as IKK2-DN^Camk2a^ animals showed increased BAX and BAD expression compared to control littermates ([Fig. 5*H*](#F5){ref-type="fig"}). As a consequence of proapoptotic protein expression, we found an up-regulation of TUNEL^+^ cells in the ipsilateral cortex of IKK2-DN^Camk2a^ animals compared with control littermates ([Supplemental Fig. S7](#SM7){ref-type="supplementary-material"}). In addition, stress response genes and p53 target genes, including *Atf3* and *p21* were up-regulated in these animals ([Fig. 5*F, G*](#F5){ref-type="fig"}, left panels). Again, expression of these genes was unaltered in IKK2-CA^Camk2a^ mice ([Fig. 5*A--G*](#F5){ref-type="fig"}, right panels). Similar to the proinflammatory genes, we did not identify significant differences in the expression of these pro- and antiapoptotic genes 6 h ([Supplemental Fig. S5*F--L*](#SM5){ref-type="supplementary-material"}) and [7 d](#SM7){ref-type="supplementary-material"} ([Supplemental Fig. S6*F--L*](#SM6){ref-type="supplementary-material"}) after CHI in the IKK2-DN^Camk2a^ mouse model. These results indicate that basal NF-κB activity in neurons is necessary to protect these cells from transiently increased cellular stress resulting from traumatic injury. However, this protective effect is not further enhanced by increased NF-κB activity.

###### 

Neuronal NF-κB inhibition leads to up-regulation of proapoptotic factors after CHI. *A*--*G*) Expression of genes regulating apoptosis 3 d after TBI. Proapoptotic, but not antiapoptotic, factors were significantly elevated in the cortical impact area of IKK2-DN^Camk2a^ mice, but not in IKK2-CA^Camk2a^ mice vs. control littermates. qPCR analysis of the proapoptotic genes *Bax* (*A*), *Bad* (*B*), and *Bak* (*C*); the antiapoptotic genes *Bcl2* (*D*) and *Bcl~XL~* (*E*); and the stress response genes in the p53 pathway *Atf3* (*F*) and *p21* (*G*). Expression levels measured by qPCR are presented relative to *Hprt.* Means ± [sem]{.smallcaps} (*n* = 4--6). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 \[not significant (ns), at 3 d TBI between the indicated groups, by 1-way-ANOVA followed by Bonferroni's *post hoc* test\]. *H*) Expression of proapoptotic proteins after trauma. Representative immunoblot analysis and quantification of BAX and BAD protein levels in brain lysates of 12-wk-old control and IKK2-DN^Camk2a^ mice. TUBB is used as loading control. Means ± [sem]{.smallcaps} (*n* = 3). \**P* \< 0.05, \*\*\**P* \< 0.001 (ns, 3 d after CHI, between the indicated groups, by 1-way-ANOVA followed by Bonferroni's *post hoc* test).
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Acute inhibition of IKK/NF-κB signaling in neurons also worsens TBI outcome {#s20}
---------------------------------------------------------------------------

IKK2-DN transgene expression and therefore inhibition of IKK/NF-κB signaling was induced at the age of 4 wk for a total period of ∼8 wk before TBI. Therefore, we cannot exclude consequences of chronic NF-κB inhibition that predispose IKK2-DN^Camk2a^ animals to the observed detrimental TBI outcome. To investigate, we activated transgene expression in a more acute paradigm shortly before TBI induction. As the transgene is only slowly activated after Dox withdrawal, we removed Dox 12 d before TBI, which resulted in transgene activation after 8 d (*i.e.* 4 d before TBI induction), as indicated by the detection of luciferase reporter gene activity by *in vivo* bioluminescence imaging ([Supplemental Fig. S8*A*](#SM8){ref-type="supplementary-material"}). Transgene expression was confirmed by protein immunoblot analysis 6 h after TBI ([Supplemental Fig. S8*B*](#SM8){ref-type="supplementary-material"}). Similar to the chronic IKK2-DN^Camk2a^ model, acute NF-κB repression resulted in elevated postinjury mortality ([**Fig. 6*A***](#F6){ref-type="fig"}), and no differences in the hematoma formation were found (data not shown). Again, animals with acute IKK2-DN^Camk2a^ expression showed significantly elevated NSS levels 1 and 3 d after injury compared to controls ([Fig. 6*B*](#F6){ref-type="fig"}), a tendency for enhanced neuronal cell loss in the ipsilateral cortex after TBI ([Supplemental Fig. S8*C*](#SM8){ref-type="supplementary-material"}) and significantly increased neuronal apoptosis measured by cleaved caspase 3 expression costained with TUJ1 ([Fig. 6*C*](#F6){ref-type="fig"}).

![Acute neuronal IKK2-DN transgene expression also results in detrimental TBI outcome. *A*) Mortality of mice with acute neuronal NF-κB inhibition after CHI. The mortality rate is depicted as the percentage of animals that died. Acute IKK2-DN^Camk2a^ mice showed a significantly enhanced posttraumatic mortality rate compared to control littermates, similar to the chronic IKK2-DN^Camk2a^ mouse model. (Control TBI, *n* = 30; Acute IKK2-DN^Camk2a^ TBI, *n* = 17). \*\**P* \< 0.01, *vs.* control, by Fisher's exact test. *B*) NSS score of mice with acute neuronal NF-κB inhibition. Head-injured acute IKK2-DN^Camk2a^ mice also showed a delayed recovery from TBI, as reflected by a significantly increased NSS, compared to head-injured control animals. Data are presented as box plots with median ± interquartile range; whiskers show minimum and maximum range (*n* = 11--22). \*\*\*\**P* \< 0.0001 \[not significant (ns), by nonparametric Mann-Whitney *U* test\]. *C*) Expression of apoptotic cells in mice with acute neuronal NF-κB repression. Increased posttraumatic neuronal cell death 3 d after TBI in the injured (ipsi) hemisphere of acute IKK2-DN^Camk2a^ mice *vs.* control animals and the uninjured (contra) hemisphere. Immunofluorescent staining of cleaved caspase 3^+^ neurons (TUJ1^+^ cells). Quantification of cleaved caspase 3^+^ cells indicated significantly enhanced apoptosis in mice with acute neuronal NF-κB inhibition *vs.* control littermates. Means ± [sem]{.smallcaps} (*n* = 3--4)[.]{.smallcaps} \**P* \< 0.05, \*\**P* \< 0.01, \*\*\*\**P* \< 0.0001 (by 1-way ANOVA with Bonferroni's correction). Scale bars, 500 µm; i′, inset′: 100 µm; i″, inset″: 20 µm.](fj.201700826Rf6){#F6}

Next, we asked whether acute IKK2-DN^Camk2a^ animals would also show an up-regulation of neuroinflammatory and proapoptotic factors. Gene expression was analyzed 3 d after TBI and revealed elevated levels of *C3*, *Gfap*, *Lcn2*, *Il1b*, and *c-Fos* in the injured hemisphere of mice with acute neuronal IKK2-DN expression ([**Fig. 7*A--E***](#F7){ref-type="fig"}). We also detected higher levels of the proapoptotic genes *Bax* and *Bak*, whereas the expression of *Bad* and of the antiapoptotic genes *Bcl2* and *Bcl~XL~* were not affected indicating a similar expression pattern in both paradigms ([Fig. 7*F--J*](#F7){ref-type="fig"}). Furthermore, *Atf3* and *p21* were also induced in the injured cortex of IKK2-DN^Camk2a^ animals compared to littermates ([Fig. 7*K, L*](#F7){ref-type="fig"}).

![Inflammation and apoptosis are increased in mice with acute neuronal NF-κB inhibition. Expression of proinflammatory and apoptotic genes in the acute IKK2-DN^Camk2a^ mouse model. Acute IKK2-DN^Camk2a^ mice also exhibited prominent neuroinflammation and apoptosis induction 3 d after TBI, similar to chronic IKK2-DN^Camk2a^ mice. This finding is indicated by qPCR analysis of the complement factor *C3* (*A*); the astroglial marker *Gfap* (*B*); the acute phase protein *Lcn2* (*C*); the inflammatory cytokine *Il1b* (*D*); the neuronal activity marker c*-Fos* (*E*); the proapoptotic genes *Bax* (*F*), *Bad* (*G*), and *Bak* (*H*); the antiapoptotic genes *Bcl2* (*I*) and *Bcl~XL~* (*J*); and the stress response genes in the p53 pathway *Atf3* (*K*) and *p21* (*L*). Measured expression levels are presented relative to *Hprt.* Means ± [sem]{.smallcaps} (*n* = 3--6). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 \[not significant (ns), at 3 d after TBI, between the indicated groups, by 1-way ANOVA, followed by Bonferroni's *post hoc* test\].](fj.201700826Rf7){#F7}

Taken together, our findings showed that appropriate neuronal IKK/NF-κB signaling is critical for neuroprotection after traumatic brain injury.

DISCUSSION {#s21}
==========

IKK/NF-κB signaling plays an important role in brain development, neuronal survival, and differentiation and has been proposed to be involved in the pathogenesis of various neurologic diseases ([@B22], [@B26], [@B32], [@B60]). However, the cell-type--specific contribution of IKK/NF-κB signaling to specific pathophysiology is less clear, and studies have suggested ambivalent roles in the pathogenesis of brain injuries ([@B26], [@B61]). Whereas neuronal NF-κB activation is essential for maintaining homeostasis and integrity of neurons ([@B26], [@B62][@B63]--[@B64]), NF-κB also controls inflammation and apoptotic cell death after nerve injury ([@B65]).

To characterize the specific function of neuronal NF-κB in the pathophysiology of TBI, we used 2 conditional mouse models---loss-of-function (IKK2-DN^Camk2a^) and gain-of-function (IKK2-CA^Camk2a^)---and subjected the animals to experimental CHI, the most common form of head injuries observed in trauma patients ([@B6]). We show that neuronal NF-κB inhibition is detrimental for the outcome of TBI. IKK2-DN^Camk2a^ mice that have a higher immediate posttraumatic mortality and survivors revealed significantly enhanced neurologic deficits. Even though we focused in this study on the analysis of the cerebral cortex, secondary injury of other brain regions, like hippocampus, corpus callosum and cerebellum, can also critically influence the outcome of TBI ([@B52], [@B66]). Despite the well-established proinflammatory role of the NF-κB system, inhibition of neuronal NF-κB signaling in IKK2-DN^Camk2a^ mice unexpectedly resulted in increased expression of inflammatory mediators at the site of injury. This effect could be a consequence of elevated tissue damage, which promotes the activation of microglia and astrocytes. Both cell types are critically involved in the induction of neuroinflammatory responses *via* the NF-κB pathway ([@B67]) and are still able to activate NF-κB signaling in our model. A similar phenotype of enhanced secondary inflammation due to prominent tissue damage upon NF-κB inactivation was observed in models of intestinal NF-κB deficiency ([@B68]). Enhanced neuronal NF-κB activation did not alleviate the consequences of TBI, as cell death and neurologic deficits in IKK2-CA^Camk2a^ mice did not differ from control littermates. This finding indicates that physiologic NF-κB activation in neurons is sufficient to mediate full neuroprotection. However, it remains open whether a specific timing of activation in neurons (*e.g.*, induction only at later phases of secondary TBI pathogenesis) is able to induce beneficial effects. In line with the hypothesis of a secondary enhancement of inflammation by increased tissue damage, IKK2-CA^Camk2a^ animals did not show alterations in the expression of inflammation-associated gene expression compared to control animals. These data indeed suggest that the observed proinflammatory gene expression profile is induced by glial cells. The up-regulation of the proapoptotic genes *Bax* and *Bad* and other genes linked to p53-mediated stress responses in IKK2-DN^Camk2a^, but not IKK2-CA^Camk2a^ mice suggests that endogenous physiologic neuronal NF-κB signaling protects neurons in conditions of injury-related cellular stress, possibly by suppressing p53-mediated apoptosis *via* the intrinsic mitochondrial pathway ([@B69]).

In a model of controlled cortical impact, it has been shown that brain-specific NF-κB activation in *Nestin-Cre IκBα^fl/−^* mice leads to impaired inflammatory responses after TBI and worsened brain damage ([@B42]). In this mouse model, NF-κB is activated because of deletion of the *Ikb* gene, not only in neurons, but also in astrocytes and oligodendrocytes ([@B70]). Thus, the observation that the trauma outcome was not worsened in our neuron-specific, gain-of-function mouse model suggests that NF-κB activation in astrocytes and oligodendrocytes may determine the detrimental processes in the *Nestin-Cre IκBα^fl/−^* model. In the setting of cerebral ischemia, a detrimental role of neuronal NF-κB was proposed, as constitutive activation of IKK2 enlarged the infarct size, whereas IKK2 inactivation resulted in neuroprotection ([@B49]). These findings indicate a complex role of neuronal NF-κB upon distinct experimental injuries, resulting in different outcomes dependent on the specific injury models. This result may be explained by different mechanisms of the primary injury (*e.g.*, blunt *vs.* sharp mechanical injury in TBI or injury caused primarily by hypoxia and impaired supply of metabolites in case of ischemic injury). These distinct modes of injury might elicit different protective or maladaptive responses, resulting in different vulnerabilities. We have previously shown that NF-κB regulates synapse formation and spine maturation in adult hippocampal neurons *via* *Igf2* signaling ([@B35]). Thus, defective synaptic contacts may contribute to impaired posttraumatic neuronal survival. However, we also found that constitutive IKK2 activation in neurons can generate a selective neuroinflammatory response in the dentate gyrus leading to local neurodegeneration with aging ([@B56]). Therefore, neuronal IKK/NF-κB does not exclusively induce survival-promoting genes, in line with our observation that constitutive neuronal NF-κB activation did not further improve the TBI outcome.

Other candidate mechanisms that may underlie the protective role of NF-κB in neurons include the antiapoptotic effects mediated by inducing endogenous caspase inhibitors or by triggering the expression of antioxidant genes, such as manganese superoxide dismutase or calcium-binding protein calbindin D28k ([@B40], [@B60]), as NF-κB transcription factors regulate a wide range of survival-promoting target genes ([@B65]).

Prolonged inhibition of neuronal NF-κB may induce indirect structural and functional alterations in the brain, which may sensitize animals for elevated posttraumatic damage. To assess such a detrimental predisposition of IKK2-DN^Camk2a^ animals because of chronic NF-κB inhibition, we also analyzed acute IKK2-DN^Camk2a^ mice in which the NF-κB/IKK2 transgene was activated shortly before CHI induction. Upon TBI, these mice showed a similar detrimental phenotype to mice with chronic IKK2-DN^Camk2a^ expression, excluding that long-term structural changes are responsible for the observed sensitization of IKK2-DN^Camk2a^ mice for TBI.

Current clinical treatment strategies imply the administration of neuroprotective and anti-inflammatory agents; however, until today, most clinical trials have failed ([@B11]). Promising therapeutic agents for treatment of head injuries are statins, inhibitors of cholesterol biosynthesis with additional pleiotropic properties ([@B71]), as well as progesterone ([@B72]). These agents limit the production of inflammatory mediators by attenuating NF-κB, p65 and TNF expression in TBI models ([@B11]). However, they most likely target the inflammatory phenotype of M1-like microglia and not neurons ([@B4]). Indeed, NF-κB inhibition in microglia and astrocytes has been shown to induce a beneficial outcome from CNS injuries ([@B29], [@B73][@B74][@B75][@B76]--[@B77]).

In summary, neuronal IKK2/NF-κB inhibition aggravated neurodetrimental effects on CHI, whereas additional chronic IKK2/NF-κB activation in neurons cannot convert these harmful effects into an improved recovery process. Thus, our findings indicate that basal neuronal NF-κB activity is neuroprotective for the outcome of TBI.
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BSA

:   bovine serum albumin

CA

:   constitutively active

CHI

:   closed head injury

DN

:   dominant negative

Dox

:   doxycycline

GFAP

:   glial fibrillary acidic protein

IKK

:   inhibitor of NF-κB kinase

NSS

:   neurological severity score

qPCR

:   quantitative PCR

TBI

:   traumatic brain injury

TUJ1

:   anti-tubulin-β3
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